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Yellow CameleonCytokines released frommicroglia mediate defensive responses in the brain, but the underlyingmechanisms are
obscure. One proposed process is that nucleotide leakage or release from surrounding cells is sensed by metab-
otropic (P2Y) and ionotropic (P2X) purinergic receptors, which may trigger long-term intracellular Ca2+ ﬂux
and tumor necrosis factorα (TNF-α) release. Indeed, 3 h of exposure to ATPwas required to evoke TNF-α release
from a murine microglial cell line (MG5). A Ca2+ chelator, ethylene glycol tetraacetic acid (EGTA), reduced
ATP-induced TNF-α release, suggesting that intracellular Ca2+ is important in this response. Therefore, Ca2+ sen-
sor genes (YC3.6) were transfected into MG5 cells to investigate the Ca2+ dynamics underlying ATP-induced
TNF-α release. The results demonstrated ATP-induced biphasic Ca2+ mobilization mediated by P2Y (~5 min)
and P2X7 receptors (5–30 min). Moreover, Ca
2+ spiking activity in cell processes progressively increased with
a reduction in P2X7 receptor-mediated Ca2+ elevation during 3-h ATP stimulation. Increased Ca2+ spiking
activity paralleled the reduction in thapsigargin-sensitive internal Ca2+ stores, dendrite extension, and expres-
sion of macrophage scavenger receptors with collagenous structure. The Ca2+ spiking activity was enhanced
by a P2X7 receptor antagonist (A438079), but inhibited by a store-operated channel antagonist (SKF96365) or
by co-transfection of small interference ribonucleic acid (siRNA) targeted on the channel component (Orai1).
Furthermore, ATP-induced TNF-α release was enhanced by A438079 but was inhibited by SKF96365. Because
store-operated channels (Stim1/Orai1) were expressed both inMG5 and primarymicroglial cultures, we suggest
that P2X7 receptor signaling inhibits store-operated channels during ATP stimulation, and disinhibition of this
process gates TNF-α release from microglial cells.
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Cytokines released from microglial cells promote an immune reac-
tion to protect the central nervous system [1]. For example, to maintain
dopaminergic neuronal circuits, dendritic microglial cells with special-
ized antigen-presenting capabilities secrete inﬂammatory mediators,
such as tumor necrosis factor (TNF)-α and interleukin 1β following
sensing of danger through the Toll-like receptor 4, and enhance the in-
ﬂammatory response together with astrocytes, and scavenge damaged
neurons via phagocytosis [2]. Despite the importance of this response
to brain defense, current understanding of the underlying mechanism
is limited. Microgliamaymove toward the brain injury site and respond
2574 M. Ikeda et al. / Biochimica et Biophysica Acta 1833 (2013) 2573–2585to extracellular ATP and UDP, which are released or leaked from
wounded cells [3–5] or astrocytes [6–8]. Unlike relatively instantaneous
synaptic signaling in neurons, above microglial responses to injury and
ruptured cell leakage require supraphysiological purinergic stimulation
sustained for relatively long periods of time. Similarly, the ATP-induced
release of TNF-α in primary rat microglia cultures requires long-term,
continuous (3–6 h) and high concentration ATP exposure [3,4].
Mobilization of intracellular Ca2+ is thought to be a critical trigger of
the immune response in microglia [9,10], yet the Ca2+ dynamics under-
lying microglial responses are unclear. The P2X7 receptor agonist BzATP
evokes a sustained increase in Ca2+ in primary rat microglia cultures
and in a MG6-1 murine microglial cell line, and this purinergic response
is thought to drive the release of TNF-α [3,4,11]. These reports, however,
are based on studies using the Ca2+ dye stainingmethod, and intracellu-
lar Ca2+was observed for only 10 to 30 min due to technical limitations.
Therefore, the intracellular Ca2+ dynamics underlying ATP-induced
TNF-α release in microglia have not been visualized over a sufﬁcient
time scale. Here, we transfected genes encoding protein-based Ca2+ sen-
sors intoMG5murinemicroglial cell lines andmeasured long-term Ca2+
dynamics in these cells.
Based onMn2+ quenching experiments,Wang et al. reported a func-
tional interaction between purinergic receptors and store-operated
channels (SOCs) in human embryonic microglia, in which depletion of
internal Ca2+ stores via P2Y receptor-mediated signaling activates
SOCs, whereas Na+ inﬂux via P2X receptors inhibits SOCs [12]. The in-
hibitory coupling of P2X receptors to SOCs was further analyzed using
the SOC antagonist, SKF96365, applied to human microglia [13]. Gener-
ally, SOC activation follows molecule-to-molecule interactions as
stromal interactingmolecules (STIMs) linked to the endoplasmic reticu-
lum are oligomerized to a pore-forming subunit of the Ca2+ release-
activated Ca2+ channel (ORAI) in response to Ca2+ store depletion
[14–17]. SOC activation is an important process for many immune cell
responses, including T lymphocytes, mast cells, and macrophages
[18–20]. The presence of SOC-like channel functions has also been pro-
posed inmany additional cell types, including glia [9,21]. The expression
and function of STIM/ORAI, however, have not been clearly demonstrat-
ed in microglia.
Based on these backgrounds, we analyzed the effects of SKF96365
on intracellular Ca2+ signaling and TNF-α release during chronic ATP
stimulations in MG5 cells. Because we observed a signiﬁcant inhibito-
ry effect of SKF96365 on these cellular events, we quantiﬁed Stim1/
Orai1 and TNF-α in isolated cultures of microglia and examined the
effects of Orai1 RNA interference on Ca2+ signaling in MG5 cells.
In addition, the present study observed a similarity in cell surface den-
dritic structures betweenMG5 cells and isolatedmicroglia, which resem-
bled macrophages or model cells expressing macrophage scavenger
receptorwith collagenous structure (MARCO) [22–25]. Therefore,we fur-
ther analyzed cell surface morphology and MARCO expression during
chronic ATP stimulation in these cells.
2. Materials and methods
2.1. MG5 cell culture
Cells from the MG5 cell line [26] were grown in Dulbecco's Modi-
ﬁed Eagle Medium (DMEM, Gibco, Carlsbad, CA) supplemented with
10% (v/v) fetal bovine serum. Thirty percent of the culture medium
was pre-conditioned by culturing cortical astrocytes. For routine
maintenance, the culture medium was exchanged every 2 to 3 days
and maintained at 37 °C in a 5% CO2/95% air atmosphere at nearly
100% relative humidity.
2.2. Isolated glial cell cultures
Primary cultures of isolated microglia and astrocytes were prepared
from C57BL6J mice at postnatal days P2–3 by following a two-stepmethod. First, freshly removed cerebral cortex was rinsed in DMEM
containing 100 μg/mL penicillin–streptomycin (Sigma-Aldrich, St.
Louis, MO) and gently agitated in medium supplemented with 0.125%
(w/v) trypsin (Sigma) for 15 min at 37 °C using a water bath shaker.
The trypsinization was stopped by adding an equal volume of standard
DMEM. A single cell suspension of the tissue was prepared by gentle
trituration and passed through a 40 μm nylon mesh cell strainer (BD
Falcon, Bedford, MA) and was seeded into standard culture ﬂasks. The
mixed glial cells were placed in a humidiﬁed CO2 incubator at 37 °C.
The medium was changed after 4–5 days until cells were conﬂuent
(approximately for 15 days). For the second step, mixed glial cultures
prepared as above were placed on an orbital shaker at 120 rpm for
2.5 h to ﬂoat microglial cells. Adhesive cells on the bottom were further
cultured as astrocyte cultures. The supernatant containing the microglia
was collected, centrifuged at 1000 rpm for 5 min and re-suspended in
2 mL of fresh DMEM. The resulting microglial cell suspension was trans-
ferred to a 24-well plate (Falcon) and allowed to adhere at 37 °C. The cul-
turemediumwas refreshed after 30 min of seeding to remove cell debris.2.3. Measurement of TNF-α release by enzyme-linked immunosorbent
assay
MG5 cells were cultured in 35-mm culture dishes (1 × 105 cells/
1 mL/dish). Culture medium was aspirated (0.5 mL residual medium/
dish) and then ATP (1–1000 μM, 0.5 mL/dish; Wako Pure Chemical
Industries, Osaka, Japan)-containing medium was added for 0.5 to 3 h
at 37 °C. The supernatantwas collected for the TNF-α assay. In addition,
MG5 cells were incubated in ATP with the following compounds to es-
timate the involvement of SOCs and purinergic receptors: pyridoxal-
phosphate-6-azophenyl-2′,4′-disulfonic acid (PPADS; Tocris Bioscience,
Bristol, UK), suramin (Wako), A438079 (Tocris), 2-aminoethoxy diphenyl
borate (2-APB; Tocris) and/or SKF96365 (Wako).Wealso tested the effect
of brilliant blueG (awidely used but less speciﬁc P2X7 receptor antagonist
than A438079); however, its strong blue color interfered with the optical
quantiﬁcation of TNF-α (data not shown). To estimate the involvement of
intracellular Ca2+ signaling, ATP-induced TNF-α release was analyzed
in Ca2+-free culture medium supplemented with 2 mM ethylene
glycol tetraacetic acid (EGTA; Sigma) or in MG5 cells stained with
a BAPTA-based calcium indicator dye (fura-2AM, 5 μM; Invitrogen,
Carlsbad, CA). TNF-α levels in themedia weremeasured using a GENios
microplate reader (Tecan, Männedorf, Switzerland) with a Quantikine
mouse TNF-α immunoassay kit (R&D Systems, Minneapolis, MN)
according to the manufacturer's instructions.2.4. Immunoﬂuorescent staining
MG5 cells plated on poly-L-lysine coated glass bottom dishes were
washed 3 times with phosphate-buffered saline (PBS) consisting of
(in mM) 137 NaCl, 2.7 KCl, 1.5 KH2PO4, and 8.1 Na2HPO4 (pH 7.4) and
ﬁxed in dry methanol for 5 min. The sample was incubated in PBS con-
taining 10% donkey serum (Jackson ImmunoResearch Laboratories,
West Grove, PA) and 0.01% Triton X for 1 h at room temperature
(22–25 °C) and then in PBS containing 1:500 rabbit polyclonal antibod-
ies against Iba-1 (Wako) for two days at 4 °C. The sample was rinsed 3
times with PBS and incubated for 2 h at room temperature with 1:200
Cy3-conjugated donkey anti-rabbit IgG (Jackson). After washing out
the secondary antibody with PBS, the sample was mounted with
Elvanol polyvinyl alcohol containing 4′,6-diamidino-2-phenylindole
(DAPI; Sigma). Iba-1 immunoﬂuorescence and DAPI nuclear staining
were imaged using a confocal imaging system (FV-1000, Olympus,
Tokyo, Japan) composed of a ﬂuorescence microscope (IX-81, Olym-
pus), a blue-violet diode laser, and a green helium neon laser. A 60×
oil immersion objective lens (UPlanSApo 60×/1.35, Olympus) was
used to acquire the ﬂuorescence images.
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proteins
A series of adenovirus vectors expressing ﬁreﬂy luciferase [27] was
used to determine the transduction efﬁciency. MG5 cells (1 × 104)
were seeded onto 96-well plates. The next day, the cells were trans-
ducedwith the adenovirus vectors for 1.5 h at approximately 3000 vec-
tor particles/cell. After 48 h, luciferase expression was determined
using a luciferase assay system (PicaGene LT2.0; Tokyo Inki Co., Tokyo,
Japan).
A recombinant adenovirus vector containing a ratiometric-pericam
(rPericam) [28] or Yellow Cameleon 3.6 (YC3.6) [29] expression cas-
sette was constructed using an improved in vitro ligation method as
previously described [27,30]. Brieﬂy, the expression cassette containing
the cytomegalovirus (CMV) promoter driven rPericam or YC3.6 gene
and the bovine growth hormone polyadenylation signal was inserted
between a PI-SceI site and an I-CeuI site in the E1-deletion region of
the E1/E3-deleted adenovirus vector. The adenovirus vector DNA was
digested with PacI followed by transfection into human embryonic
kidney 293 cells using Lipofectamine (Invitrogen). The viruses were
propagated and collected for transduction intoMG5 cells. These cell cul-
tures were used to analyze the effects of Ca2+ sensor loadings on extra-
cellular concentrations of TNF-α. The efﬁciency of gene transfection
increases with the use of an Arg-Gly-Asp (RGD)-containing adenovirus
vector [31] and microglia express aminopeptidase N (CD13) on their
surface [32]. Therefore, we used an Asn-Gly-Arg (NGR)-containing ade-
novirus vector and compared the efﬁciency with the original method
using an Ad-CMV-containing adenovirus vector. The experiments in-
volving adenoviruseswere approved by the GeneticModiﬁcation Safety
Committee at Waseda University and performed at Waseda University.
2.6. Biolistic transfection of genes encoding Ca2+ sensing proteins
For Ca2+ imaging analysis, we used a more convenient method to
transfect the Ca2+ reporter genes [33,34] using a Helios gene-gun kit
(Bio-Rad Laboratories, Hercules, CA). Brieﬂy, 5-mg gold particles
(0.6 μm) were coated with 20 μg rPericam or YC3.6 expression vector
(each inserted in pcDNA3.1) according to the manufacturer's instruc-
tions and blasted, using helium pressure (195 psi), into MG5 cells plated
on 35-mm standard plastic culture dishes (1 × 105 cells/dish) in which
the culture medium was temporally removed during particle blasting.
Expression of rPericam protein in MG5 cells was estimated based on the
increase in ﬂuorescence intensity in individual cells (Ca2+-independent
excitation at 450 ± 15 nm; emission at 530 ± 15 nm) that became
maximal 1 to 2 days after transfection in regular culture circumstances.
Because several cells were physically damaged during this process, the
cell culture was maintained for 6 to 8 days (culture medium was
exchanged once at 2 days) to recover cell density and to eliminate cell
debris. Although the successful transfection rates using this protocol
(approximately 7% of cells in the culture dish; mainly expressed at the
center of the culture dish) were lower than those by adenovirus trans-
fection, the level of ﬂuorescence was relatively higher because of the
larger copies of trans-genes and remained stable for up to 2 to 3 weeks.
2.7. Transfection and evaluation of Orai1 siRNA
Small interference RNA (siRNA) targeted to the mouse P2X7 receptor
(5′-CGAAUUAUGGCACCGUCAATT-3′ and5′-UUGACGGUGCCAUAAUUCG
TT-3′),Orai1 (5′-GGGUCAAGUUCUUACCUCUTT-3′ and5′-AGAGGUAAGA
ACUUGACCCTT-3′) and their scrambled controls (5′-UGAUAGACUAUCG
UAAUACTT-3′ and 5′-GUAUUACGAUAGUCUAUCATT-3′) were designed
and generated by Sigma Genosis™ (Sigma). The 5-mg gold particles
(0.6 μm) were coated as above with a mixture of siRNA probe (1 μg or
0.1 μg) and YC3.6 expression vector (20 μg). The cells were harvested
for 3–5 days until YC3.6 ﬂuorescence became evident and were used
for Ca2+ imaging assays. Additionally, to quantify the efﬁciency of Orai1siRNA, YC3.6-positive and -negative cells were separated using a cell
sorting system (FACSAria II with FACSDiva software; BD Biosciences,
San Jose, CA). Total RNA was extracted from YC3.6-positive cells and
used for the below real-time RT-PCR assay.
2.8. Ca2+ imaging
During the course of this study, signiﬁcant pH sensitivity of
Pericam was reported [35] and in fact we observed dramatic shifts
in rPericam ﬂuorescence ratio (excitation at 480/420 nm; emission
at 510 nm) in MG5 cells against stepwise shifts in the extracellular
pH (pH 6.8, pH 7.4 and pH 8.0; data not shown). Since YC3.6 was
more stable against the pH drifts, we used YC3.6 for further Ca2+ im-
aging studies in MG5 cells. MG5 cells that expressed YC3.6 were
placed on a microscope stage and perfused with buffered salt solution
(BSS) consisting of (mM) 128 NaCl, 5 KCl, 2.7 CaCl2, 1.2 MgCl2, 1
Na2HPO4, 10 glucose, and 10 HEPES/NaOH (pH 7.3). For Ca2+ imag-
ing, ﬂuorescent signal was produced by 440 ± 5 nm light pulses
(50–100 ms duration; attenuated by a 50% neutral density ﬁlter). The
resulting images were reﬂected by a dichroic mirror (FT455 nm),
ﬁltered by two emission band pass ﬁlters (480 ± 15 nm and 530 ±
15 nm) that were rotated by an emission ﬁlter wheel (Lambda 10-2,
Sutter Instrument, Novato, CA) set in front of a charge-coupled device
camera (CoolSnap-fx, Photometrics, Tucson, AZ). Resultant pair images
were projected onto the camera at 6-s intervals. The timing of excitation
was controlled by an electromagnetic shutter located in front of
a 300 W xenon arc lamp house (Lambda-LS, Sutter Instrument) and
digital imaging software (Meta-Fluor v.6.2, Universal Imaging, West
Chester, PA). The background ﬂuorescence was also subtracted using
the software. General observation was conducted using a 20× objective
lens (UMPlanFL 20×/0.50 W, Olympus, Tokyo, Japan) and the high
power monitoring of sub-cellular regions was conducted using a 63×
objective lens (Achroplan 63×/0.9 W, Carl Zeiss).
2.9. Drug application
During recording, perfusate was switched to BSS containing ATP,
adenosine 5′-(3-thiotriphosphate) tetralithium salt (ATP-γS), A438079,
SKF96365, and/or thapsigargin (Sigma). Although BzATP has been used
to implicate the involvement of P2X7 receptors in microglial signaling
[3,4,11], it has more recently shown that BzATP represents afﬁnity for
other purinergic receptors [36] or larger potency than ATP [37]. Thus
the present study used A438079 together with ATP to demonstrate
subtype-speciﬁc receptor responses. Ca2+-free BSS was prepared by the
removal of CaCl2 and the addition of 2 μM EGTA.
2.10. Confocal imaging of plasma membrane
Cell surface structures in living MG5 cells and isolated microglial
cells were visualized using CellMask™ deep red plasma membrane
stain (Invitrogen) and a FV-1000 confocal imaging system (Olympus).
CellMask™ was initially dissolved in dimethyl sulfoxide at 5 mg/mL
according to themanufacturer's instructions. Cells plated on poly-L-lysine
coated glass bottom dishes at 60% to 70% conﬂuence were washed 3
times with PBS and stained with 2.5 μg/mL CellMask™ dissolved in PBS
(ﬁnal dimethyl sulfoxide concentration: 0.05%) for 5 min in a CO2 incuba-
tor. The cells were then washed 3 times with PBS and visualized using
confocal imaging. Because the dendritic microvilli of these cells were
located near the bottom layer, the Z plane was carefully scanned in 0.5
to 1-μm steps. An argon ion laser (488 nm) and red helium neon laser
(633 nm) were used to excite YC3.6 and CellMask™.
2.11. Real-time RT-PCR assay
MG5 cells or isolated microglial cells cultured in a 25 mm2 ﬂask at
90% conﬂuent density were stimulated for 60 min with 1 mM ATP
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times with culture medium (~30 min) and suspended in PBS. Cells
were transferred in a 1.5 mL RNase-free tube and centrifuged
for 5 min at 5000 rpm at room temperature. The cell pellet was trans-
ferred in a 350-μL Buffer RLT (RNeasymini kit, Qiagen) and homogenized
using an ultrasonic cell disruptor (Branson, Danbury, CT). The resultant
cell lysate was diluted with an equivalent volume of 70% ethanol and
stored at −80 °C until RNA extraction. Total RNA was extracted using
an RNeasy mini kit (Qiagen) according to standard procedures. Inaddition, total RNAwas extracted as above fromun-stimulated astrocytes
as a control.
The following PCR primers were used: TNF-α forward primer, CTGC
AGCCGATTTGCTATCT; TNF-α reverse primer, CCGACTCCGCAAGTCCTA
AG; Orai1 forward primer, GACTGGATCGGCCAGAGTTA; Orai1 reverse
primer, GTTGCTCACAGCCTCGATGT; Stim1 forward primer, ATGAGA
AGCTCAGCTTTGAG; Stim1 reverse primer, AGTAAGCTGCAACTTCCGGA;
MARCO forward primer, AGGACCTCGAGGAGAGAAGG; and MARCO re-
verse primer, AATTCCTGTGTCACCCTTGC; GAPDH forward primer, ACC
ACAGTCCATGCCATCAC; and GAPDH reverse primer, TCCACCACCCTGTT
GCTGTA. Each primer (100 μM) was used for Rotor-Gene SYBR Green
RT-PCR master mix (Qiagen) according to standard methods. Finally,
the PCR reactionwasmonitored in a strip tube (25 μL reaction volume)
set on the 72-well rotor of the real-time PCR system (Rotor gene 3000A,
Corbett Research) with the following temperature steps; reversed tran-
scription at 55 °C for 10 min (Hold 1), initial PCR activation at 95 °C for
5 min (Hold 2), and 60 thermal cycles consisting of 95 °C for 5 s and
60 °C for 10 s. Reactions in four separate tubes were averaged for
each sample.
2.12. Statistical analysis
Data are presented as means with standard error. One-way analy-
sis of variance (ANOVA) or repeated measures one-way ANOVA was
used followed by Duncan's multiple range tests for statistical compar-
ison across multiple means. Two-tailed Student's t-test was used for
pairwise comparisons. A 95% conﬁdence level was considered to indi-
cate statistical signiﬁcance. The spike frequencies of Ca2+ oscillations
were analyzed using a fast Fourier transform at a frequency range
of 10−4–10−1 Hz. The size of the thapsigargin-induced Ca2+ rise
(area-under-the-curve) was analyzed by Origin ver. 5.0 software
(Microcal Software Inc., Northampton, MA).
3. Results
3.1. Comparison of gene transfection efﬁciencies in MG5 cells
In general, gene transfection efﬁciency in microglial cells is quite lim-
itedwith conventional methodologies, and theMG5 cell line is not an ex-
ception. Therefore, the present study compared several differentmethods
for expressing Ca2+-sensitive ﬂuorescent proteins in these cells. First, we
compared the transfection efﬁciency of three adenovirus vectors. Use of
the NGR-containing adenovirus vector (Ad5-(HI)NGR-CMV-L2) and an
RGD-containing adenovirus vector (Ad5-(HI)RGD-CMV-L2) resulted in a
15- and 5-fold increase in luciferase expression, respectively, compared
with the original method using the adenovirus vector Ad-CMV-L2
(F2,21 = 284.9, P b .01; Fig. 1A). When MG5 cells were infected with
NGR-mutant adenovirus vector containing the rPericam expression cas-
sette (Ad5-(HI)NGR-CMV-rPericam), more than half of the cells in eachFig. 1. A. Left. Adenoviral transfection efﬁciencywas evaluated using luciferase reporter ex-
pression. Among the three different vectors, transfection with an Ad5-(HI)NGR-CMV-L2
vector resulted in outstanding reporter gene expression. *P b .05 and **P b .01 compared
with the Ad5-CMV-L2 group by Duncan's multiple range test following one-way ANOVA.
Right. Example ﬂuorescence (FL) and transmitted light (TL) images of MG5 cells that
received adenoviral rPericam gene transfections using an Ad5-(HI)NGR-CMV containing
vector. Bar = 50 μm. Note that more than 50% of the cells exhibited ﬂuorescent signal,
although there were large intercellular differences in the signal intensity. B. rPericam
expression after transfections using a Helios Gene Gun system was also examined.
Bar = 50 μm. C. Left. Cell population ratio exhibiting rPericam ﬂuorescence following
the adenoviral (Ad5-(HI)NGR-CMV-rPericam) transfection (AV) and the Gene Gun trans-
fection (GG). Although the expression ratio was smaller, it was relatively more stable
following the Gene Gun transfections. Right. Relative ﬂuorescence intensity (8 bit, 256
graded)was calculated for the cells following AVandGG. **P b .01 by two-tailed Student's
t-test. D. Morphology of MG5 cells was visualized using immunoﬂuorescent staining with
an Iba-1 antibody (red) and nuclear DAPI staining (blue). The cell shape variability was
similar between control cells (left) and cells that received blank gene-gun transfection
(right). Bar = 50 μm.
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ratio was 8-fold higher than the results obtained using the gene-gun
transfection of rPericam (P b .01; Fig. 1B, C). On the other hand, the ﬂuo-
rescence intensity of successfully transfected cells was 1.8 fold higher
in cells transfected using the gene gun (P b .01; Fig. 1C), and the cell
morphology and cell population ratio displaying amoeboid, spindle, and
ramiﬁed shapes were not affected by the gene transfection procedures
(Fig. 1D).
3.2. ATP-induced TNF-α releases were SOC and cytosolic Ca2+ dependent
To examine the effect of concentration on ATP (3 h)-induced
TNF-α release from MG5 cells, regular culture medium was replacedwith medium containing 10−6–10−3 M ATP. Only replacement with
1 mM ATP (estimated concentration at cell levels ≈ 500 μM) signiﬁ-
cantly (2.3-fold) increased TNF-α concentrations in culture medium
(F4,15 = 21.3; P b .01; Fig. 2A). We also compared the effects of the du-
ration of 1-mM ATP exposure on TNF-α release. MG5 cells exhibited
spontaneous TNF-α release independent of ATP treatment, as demon-
strated by the extracellular TNF-α concentration that accumulated dur-
ing 3 h without ATP stimulation. The spontaneous release accumulated
over 3 h was greater than the ATP-evoked release accumulated over
60 min (F5,18 = 24.1; P b .05; Fig. 2A). In addition, continuous 3-h
treatment appeared to be critical to the ATP-induced TNF-α release, be-
cause TNF-α accumulation over 3 h with only 30-min ATP treatment
failed to signiﬁcantly increase TNF-α concentration (N.S. compared to
the ATP-untreated controls; Fig. 2B).
The mechanisms underlying ATP (1 mM, 3 h)-induced TNF-α re-
leasewere examined inMG5 cells usingNGR-containing adenoviral vec-
tors carrying small hairpin RNA, whereas efﬁcacy was not monitored
because of limitations in transfection efﬁciency, as described above.
Therefore, the mechanisms were examined further using several antag-
onists for purinergic receptors and SOC inhibitors (SKF96365 or 2-APB).
Amixture of a non-speciﬁc P2Y receptor antagonist, suramin, and a gen-
eral P2X receptor antagonist that has little effect on P2X7 receptors [38],
PPADS, failed to signiﬁcantly modify ATP-induced TNF-α release at
concentrations up to 100 μM (F4,35 = 1.5, N.S.; Fig. 2C). Unexpectedly,
the highly selective P2X7 antagonist, A438079, increased (to 207%)
ATP-induced TNF-α release at concentrations higher than 30 μM
(F4,15 = 150.4, P b .01; Fig. 2C) whereas A438079 application (100 μM
for 3 h) alone did not elevate basal TNF-α release (102.5 ± 9.2%, N.S.).
Conversely, ATP-induced TNF-α release was strongly inhibited by
10–100 μM SKF96365 (to 20%; F4,15 = 90.6, P b .01; Fig. 2C) or by
30–100 μM 2-APB (to 36%; F4,20 = 34.1, P b .01; Fig. 2C). In addition,
the effects of A438079 on ATP-induced TNF-α release were completely
abolished by the concurrent addition of SKF96365 (ATP-induced
TNF-α release inhibited to 28%; Fig. 2C), indicating that SOCs mediate
ATP-induced TNF-α release in these cells.
Finally, the involvement of intracellular Ca2+-buffering in ATP
(1 mM, 3 h)-induced TNF-α release was examined. Ca2+-free culture
medium supplemented with the Ca2+ chelator EGTA signiﬁcantly re-
duced (to 49%) ATP-induced TNF-α release (F4,15 = 28.8, P b .01;
Fig. 2D). Also, BAPTA-based Ca2+ dye (fura-2AM) loading with gener-
al protocol for Ca2+ imaging analyses (5 μM, 30 min) signiﬁcantly
reduced (to 63%) ATP-induced TNF-α release (F4,15 = 28.8, P b .01;
Fig. 2D). On the other hand, transfection of rPericam or YC3.6 using
NGR-containing adenovirus vector did not signiﬁcantly change TNF-αFig. 2. A. TNF-α release from MG5 cells required exposure to a high concentration
of ATP. MG5 cells were stimulated with 1–1000 μM ATP for 3 h and extracellular
concentrations of TNF-α were analyzed using an enzyme-linked immunosorbent
assay. **P b .01 by one-way ANOVA. Note that there was low-level spontaneous release
of TNF-α that accumulated over 3 h (ﬁrst bar). Evoked release was considered in relation
to the spontaneous release. B. ATP-induced TNF-α release required long-term exposure to
ATP. Left four bars; MG5 cells were stimulated with ATP (1 mM) for 15–180 min and ex-
tracellular concentrations of TNF-α that accumulated during the stimulation period were
measured. The ﬁfth bar represents TNF-α concentration accumulated over 180 min, but
with exposure to ATP (1 mM) for only the ﬁrst 30 min. The sixth bar shows the spontane-
ous TNF-α release. **P b .01 by one-way ANOVA. C. The effect of purinergic receptor an-
tagonists and a SOC blocker on ATP (1 mM, 3 h)-induced TNF-α release. The P2X7
receptor antagonist, A438079, increased, whereas the SOC blockers, SKF96365 and
2-APB, decreased ATP-induced TNF-α release in a dose-dependent manner. A mixture
of the general P2Y receptor antagonist, suramin, and the less-speciﬁc P2X receptor antag-
onist, PPADS, failed to modify ATP-induced TNF-α release. The dotted line represents the
mean level of TNF-α release (as 100%) following ATP stimulation alone. *P b .05 and
**P b .01 compared with the corresponding 1 μM group by Duncan's multiple range
test. D. The effect of intracellular Ca2+ buffering on ATP (1 mM, 3 h)-induced TNF-α
release. Staining of MG5 cells with fura-2 signiﬁcantly reduced ATP-induced TNF-α release.
Treatment of cells with a Ca2+ chelator, EGTA, also reduced ATP-induced TNF-α release.
ATP-induced TNF-α release, however, was not modiﬁed by adenoviral transfection of
rPericam (Ad5-(HI)NGR-CMV-rPericam) or YC3.6 (Ad5-(HI)NGR-CMV-YC3.6) into MG5
cells. The dotted line represents the mean level of TNF-α release (as 100%) following ATP
stimulation in untransfected/untreated controls. **P b .01 by one-way ANOVA.
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control; Fig. 2D). These results demonstrate that ATP-induced release
of TNF-α from MG5 cells depends on intracellular Ca2+ mobilization
and homeostasis.
3.3. Cytosolic Ca2+ dynamics during long-term ATP stimulation
Intracellular Ca2+ mobilization during chronic ATP stimulation in
MG5 cells was examined. Continuous 100 μMATP stimulation evokedCa2+ transients only at the onset of ATP stimulation (Fig. 3A). On the
other hand, continuous 1 mM ATP stimulation evoked biphasic Ca2+
mobilization with the second sustained Ca2+ rise occasionally coin-
cided with Ca2+ spikes, although the frequencies and amplitudes
varied among cells (Fig. 3B). Also, ATP-γS (non-hydrolyzable ATP ana-
logue) could trigger similar biphasic Ca2+ mobilization at 100 μM
(Fig. 3C). The biphasic Ca2+ mobilization appeared to be driven by dif-
ferent Ca2+ sources, as initial Ca2+ transientswere resistant to extracel-
lular Ca2+-free buffer (i.e., presumably via metabotropic receptors)
whereas the subsequent sustained Ca2+ increase was completely
abolished by the removal of extracellular Ca2+ (i.e., presumably via
ionotropic receptors; Fig. 3D). The second sustained Ca2+ rise during
continuous 1 mMATP stimulation wasmediated by the P2X7 receptors
because transfection of YC3.6 with siRNA for the P2X7 receptors
completely abolished this component (Fig. 3E). Together with the re-
sults showing that 100 μM ATP induced initial Ca2+ transients alone
(Fig. 3A) but failed to trigger TNF-α release (Fig. 2A), the long-lasting
ionotropic response appears more closely associated with TNF-α re-
lease from MG5 cells.
To visualize the entire time course and local concentration of cyto-
solic Ca2+ ([Ca2+]c) during ATP-induced TNF-α release in MG5 cells,
we examined long-term (~3 h) Ca2+ imaging from single MG5 cells
using a high power objective lens (Fig. 4A). The results demonstrated
that progressive ampliﬁcation in Ca2+ spike activity during continuous
ATP (1 mM) treatment occurred in cell processes. The Ca2+ spikes am-
pliﬁed by the continuous ATP treatment as well as small intrinsic Ca2+
spiking activity observed in a subpopulation of MG5 cells (observed in
66 of 233 cells) were both signiﬁcantly inhibited by the SOC inhibitor,
SKF96365 (50 μM; Fig. 4B). The standard protocol for the pharmaco-
logical activation of SOCs using Ca2+-free extracellular buffer and
thapsigargin (100 nM) demonstrated an SKF96365-sensitive in-
crease in [Ca2+]c following depletion of intracellular Ca2+ in MG5
cells (observed in 25 of 26 cells; Fig. 4C). These results indicate the pres-
ence of functional SOCs inMG5 cells and SOC-mediated Ca2+ spike am-
pliﬁcation during continuous ATP treatment.
The involvement of purinergic receptors in ATP (1 mM)-induced
Ca2+ mobilization and/or Ca2+ spiking activity was examined via phar-
macological blockage of purinergic receptors (Fig. 5). We ﬁrst examined
the effects of suramin (100 μM) and PPADS (50 μM), but these purinergic
antagonists had no effect on Ca2+ mobilization (number of cells = 32),
consistent with their effects on TNF-α release (Fig. 2C). On the other
hand, when A438079 (30 μM) was applied in addition to ATP, the
sustained increase in [Ca2+]c (~30 min) was immediately reduced and
then the Ca2+ spike amplitudes increased (5.3-fold, F2,167 = 6.78,
P b .05; Fig. 5A, E). When 30 μM A438079 was applied 1 to 3 h after
ATP stimulation, neither baseline Ca2+ levels nor Ca2+ spike amplitudes
weremodiﬁed further, whereas Ca2+ spiking frequencywas signiﬁcantly
increased (3.3-fold, F3,47 = 5.2, P b .01; Fig. 5B, F). SKF96365 (50 μM)
strongly reduced the effects of A438079 on Ca2+ spike amplitudes (by
67.5% following 15-min ATP treatment and by 84.6% following 1–3-h
ATP treatment; Fig. 5C, E) and frequencies (by 91% following 1–3-h ATP
treatment; Fig. 5C, F), whereas SKF96365 had no effect on sustained
Ca2+ increase immediately after ATP treatment (Fig. 5D). Therefore, the
A438079-induced increase in ATP-induced TNF-α release (Fig. 2C) may
be mediated by SOC-mediated Ca2+ spiking activity.Fig. 3. ATP-induced intracellular Ca2+ mobilization examined using YC3.6. A. A transient
Ca2+mobilizationwas observed at the onset of continuous 100 μMATP stimulation. B. Ex-
posure to 1-mM ATP evoked a biphasic Ca2+ increase consisting of an initial Ca2+ tran-
sient and subsequent sustained Ca2+ elevations. C. Similar biphasic Ca2+ mobilizations
were observed by continuous 100 μM ATP-γS stimulation. D. The ATP-induced sustained
Ca2+ elevation, but not the initial Ca2+ transient, was abolished by a Ca2+-free extracel-
lular buffer. E. Also, the ATP-induced sustained Ca2+ elevation, but not the initial Ca2+
transient, was abolished by co-transfection of siRNA targeting the P2X7 receptors
(25 ng/dish). These results demonstrated that the biphasic Ca2+ elevations were mediat-
ed initially via P2Y receptors and subsequently via P2X7 receptors. All of these responses
were repeatedly observed in 8–12 cells in at least four independent trials. Of these, two
representative cell responses are plotted for each frame (gray and black traces).
Fig. 4. A. YC3.6 successfully demonstrated long-term intracellular Ca2+ dynamics during chronic ATP stimulation in MG5 cells. Representative imaging of a spindle shapeMG5 cell dem-
onstrated progressive ampliﬁcation of Ca2+ spiking activity in the cell process (P) during 3-h exposure to ATP (1 mM). Somatic (S) Ca2+ exhibited less spiking activity. Bar = 10 μm. The
Ca2+ spiking activitywas strongly inhibited by the SOC blocker, SKF96365 (50 μM). B. To conﬁrm the presence of SOCs inMG5 cells, intracellular Ca2+ storeswere depleted using 100 nM
thapsigargin (TG) in Ca2+-free buffer. A sustained increase in intracellular Ca2+ following re-loading of extracellular Ca2+was variable in each cell, but commonly inhibited by SKF96365.
C. MG5 cells occasionally exhibit intrinsic Ca2+ spiking activity without ATP treatment (two representative cells represented as ﬁne black and gray traces) and the Ca2+ spiking activity
was also inhibited by SKF96365. On the other hand, baseline Ca2+ levels in non-spiking cells were not modulated by SKF96365 (representative cell represented as a bold black trace).
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MG5 cells was further analyzed using siRNA targeted on Orai1. For
this experiment, A438079 (30 μM) and SKF96365 (50 μM) were ap-
plied during continuous ATP (1 mM) treatment as in Fig. 5C following
co-transfection of YC3.6 with scrambled control RNA or with Orai1
siRNA (Fig. 6). Scrambled control RNA (25 ng/dish) failed to inﬂuence
A438079-induced Ca2+ spikes (Fig. 6A). On the other hand, Ca2+
spikes were dose-dependently inhibited by Orai1 siRNA (Fig. 6B, C)
where 25 ng/dish siRNA completely abolished Ca2+ spike generation.
Following separation of MG5 cells using a cell sorter, the relative abun-
dance ofOrai1mRNAwas analyzed in YC3.6-positive cells (Fig. 6D). The
results demonstrated a 50% reduction in Orai1 expression in MG5 cells
receiving Orai1 siRNA than cells receiving scrambled RNA, conﬁrming
the effect of siRNA for the target molecule.
Finally, the availability of intracellular Ca2+ stores during continuous
ATP treatmentwas examined to evaluate themechanisms underlying the
SOC activation. Under control conditions, thapsigargin (100 nM)-
induced Ca2+ mobilization lasted for more than 15 min (number of
cells = 15; Fig. 7A). Following ATP (1 mM) treatment, thapsigargin-
induced Ca2+ mobilization lasted only 3 to 10 min (Fig. 7B) and the
total magnitude of the Ca2+ mobilization was signiﬁcantly reduced
(by 84% for the 15-min treatment and by 89.8% for the 2-h treatment;
F2,26 = 17.9, P b .01; Fig. 7C).3.4. Dynamic structural changes of dendritic microvilli during ATP
stimulation
Because the SKF96365-sensitive Ca2+ spiking activity occurred
preferentially in the cell processes with structural movements during
the ATP stimulation (Fig. 4A), the cell surface microstructure was
examined using CellMask™ plasma membrane staining in MG5 cells
and isolated microglial cells. Confocal microscopy of CellMask™ dem-
onstrated dense dendritic microvilli on the cell-attachment layer that
were not detected well in YC3.6 (Fig. 8A, B) or rPericam (not shown)
ﬂuorescence images. The effect of ATP (1 mM, 3 h) on dendritic mi-
crovilli was commonly observed for MG5 cells and isolated microglial
cells (Fig. 8B, C), having larger variations in isolated microglial cells.
Therefore, we quantiﬁed the effects of ATP treatment on dendritic
structure using MG5 cells. The results demonstrated that there
was no difference in the number of projections when comparing
untreated cells and cells after ATP treatment (Fig. 8D). In addition,
ATP treatment did not change the number of branches per projection
(Fig. 8E). On the other hand, ATP treatment signiﬁcantly increased the
mean (P b .05; Fig. 8F) and maximal (P b .01; Fig. 8G) projection
lengths. These results indicate that dynamic cell surface structural
changes coincided with ATP-induced TNF-α release and SOC-mediated
ampliﬁcation of Ca2+ spiking activity.
Fig. 5. Effects of P2X7 receptor antagonist, A438079 (30 μM) on ATP-induced Ca2+ ﬂux. A. A438079 inhibited sustained Ca2+ increase occurring after ATP (1 mM) stimulation.
Note that Ca2+ spiking activities were ampliﬁed following the A438079-induced reduction in the sustained Ca2+ ﬂux. B. A438079 also ampliﬁed Ca2+ spiking activities after 3-h treat-
ment with ATP (1 mM). C. SKF96365 (50 μM) reduced A438079-induced Ca2+ spikes. D. SKF96365 (50 μM), however, had no effect on the sustained Ca2+ ﬂux immediately after ATP
treatment. These effects on Ca2+ spike amplitude (E) and Ca2+ spike frequency (F) were quantiﬁed. Ca2+ spike amplitudes (aP b .01 by one-way repeated ANOVA), but not frequencies
(bN.S. by one-way repeated ANOVA) were increased depending on the duration of the ATP treatment. A438079 increased the amplitude (⁎P b .05 by one-way repeated ANOVA) and
frequency (⁎⁎P b .01 by one-way repeated ANOVA) of Ca2+ spikes among the 15-min ATP treatment groups. A438079 also increased the frequency of Ca2+ spikes (⁎⁎P b .01 by one-way
repeated ANOVA) among the 60–120 (N60) min ATP treatment groups. On the other hand, the Ca2+ spike amplitudes that were increased by N60-min ATP treatments were not signif-
icantly further increased by A438079, but were signiﬁcantly reduced by SKF96365 (#P b .05 and ##P b .01 by one-way repeated ANOVA).
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The transcriptional activities related to ATP-induced TNF-α release,
SOC activity, and cell surface morphological movement were analyzed
in primary cultures of microglial cells (Fig. 9A) and in MG5 cells
(Fig. 9B). Compared with TNF-α mRNA expression in untreated MG5
cells, ATP (1 mM, 60 min) treatment signiﬁcantly increased TNF-α tran-
scription levels (2.7-fold after a 60-min treatment; P b .05). Isolated
cultures of microglia also increased TNF-α mRNA expression following
ATP treatment (1.8-fold after a 60-min treatment; P b .01). The presentstudy also analyzed the effects of SKF96365 (50 μM) on TNF-α tran-
scription in MG5 cells; however, we failed to observe an effect on
TNF-α transcriptional activity both under ATP-treated (n = 4) and
untreated conditions (n = 4). The transcriptional levels of Stim1 and
Orai1 in isolated microglia and MG5 cells were not signiﬁcantly modu-
lated by the ATP treatment.
In addition, the present study analyzed the expression proﬁles of
MARCO in these cells due to their characteristic cell surface structures.
The results demonstrated signiﬁcant expression of MARCO in MG5
cells and microglial cells. ATP stimulation increasedMARCO expression
Fig. 6. Effect of the P2X7 receptor antagonist, A438079 (30 μM) on ATP-induced Ca2+
ﬂux in MG5 cells receiving siRNA targeting on Orai1. A. Co-transfection of scrambled
control RNA (25 ng/dish) had no effect on the ATP (1 mM)-induced Ca2+ increase,
A438079-induced reduction in Ca2+ levels, and SKF96365-sensitive Ca2+ spike genera-
tion. B, C. Co-transfection of Orai1 siRNA (2.5–25 ng/dish) dose-dependently inhibited
the generation of SKF96365-sensitive Ca2+ spike generation but had no effect on the
ATP-induced Ca2+ increase and A438079-induced reduction in Ca2+ levels. D. Half reduc-
tion in the relative abundance of Orai1mRNA was observed in MG5 cells receiving Orai1
siRNA (25 ng/dish). **P b 0.01 by two-tailed Student's t-test.
Fig. 7. Internal Ca2+ stores were immediately reduced, but not completely depleted dur-
ing long-term ATP stimulation. A. Representative thapsigargin (TG; 100 nM)-induced
Ca2+ mobilization in two cells in ATP-untreated control conditions. The TG-induced in-
crease in [Ca2+]c was sustained for about 20 min in these cells. B. Following ATP
(1 mM) treatments for 15 min (gray trace) and for 2 h (black trace), the TG-induced in-
creases in [Ca2+]c were signiﬁcantly reduced. C. The total increase in [Ca2+]c following
the TG treatment was calculated as the amount (area dimension) of Ca2+ mobilization.
The relative size of internal Ca2+ stores was calculated based on the mean size of Ca2+
mobilization in ATP-untreated controls being deﬁned as 100%. The internal Ca2+ stores
were immediately reduced by 15-min ATP treatment and the levels remained low during
long-term ATP stimulation. **P b .01 by Duncan's multiple range test following one-way
ANOVA.
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cells; P b .01 and a 2.4-fold increase in isolated microglia; P b .01).
These results are consistent with the extension of dendritic microvillus
after ATP treatment in these cells.
4. Discussion
In the present study, our analysis of the cellular signaling mecha-
nisms underlying ATP-induced TNF-α release from MG5 cells revealed
the following: i) long-term, continuous stimulation with ATP (1 mM,
3 h) triggered signiﬁcant TNF-α release; and ii) during ATP stimulation,
stepwise Ca2+mobilization occurred; consisting of an initial Ca2+ tran-
sient (~5 min) presumably via P2Y receptors, successive Ca2+ increases(5–30 min) via P2X7 receptors, gradual desensitization of the P2X7 re-
ceptor signaling, and alternative ampliﬁcation of SOC-mediated Ca2+
spiking activity (~3 h). The initial purinergic response may upregulate
TNF-α transcription. The generation of SOC-mediated Ca2+ spikes was
critical for the release of TNF-α, because short-term (30 min) ATP stimu-
lation did not elevate TNF-α release and SKF96365 signiﬁcantly reduced
the long-term ATP-induced TNF-α release. Because thapsigargin-
sensitive internal Ca2+ stores were reduced immediately after ATP stim-
ulation, functional SOCs could be increased by STIM1/ORAI1 oligomeriza-
tion. Ampliﬁcation of SOC-mediated Ca2+ spikes by A438079 following
ATP stimulation suggests immediate SOC activation and masking of
their functions by P2X7 receptor signaling. The Orai1 siRNA completely
abolished the Ca2+ spike generation, conﬁrming the activation of ORAI1
channels in these processes. Furthermore, dendritic microvilli extension,
which presumably linked expression of MARCO, was commonly ob-
served in MG5 cells and isolated microglial cells during ATP stimulation.
Therefore, we conclude that dynamic cell surface re-structuring was in-
volved in the activation of SOCs during long-term ATP stimulation.
These results provide insights into the pathophysiological function of
SOCs in the microglial immune response.
One important aspect of the present work is the visualization of
intracellular Ca2+ dynamics for the entire time scale underlying
ATP-induced TNF-α release from microglial cells. The concentration
(1 mM) of ATP needed for the large ionic ﬂux and activation of
TNF-α release from MG5 cells was consistent with previous reports
using primary microglial cultures of neonatal rat brains or microglia
in acutely isolated mouse brain slices [3,39]. Therefore, the cellular
Fig. 8. A. Confocal image of living MG5 cells that received YC3.6 transfection and CellMask™ plasma membrane staining. Representative scanning plane of the cell adhesion layer
is shown. YC3.6 was successfully expressed in a cell located in the middle of the ﬁeld. CellMask™ staining (red in the overlay image) revealed cell surface structures consisting of the
dendritic microvilli surrounding the YC3.6 ﬂuorescence (yellow-green in the overlay image). Bar = 50 μm. Reversed CellMask™ ﬂuorescence images to enhance contrast at the
dendritic microvilli of MG5 cells (B) and primary culture of isolated microglia (C). Representative images of control culture conditions (left) and after 3-h ATP treatment (right)
are shown. Bar = 30 μm. The dendritic microvilli were quantiﬁed as the total number of projections per cell (C), number of branches per projection (D), mean length of projections
(E), and maximal length of projections (F). The microvilli lengthened in response to long-term ATP treatment. *P b .05, **P b .01 by two-tailed Student's t-test.
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cells, but may reﬂect a general response of microglial cells. The large
ATP concentration needed to activate the sustained Ca2+ rise
may be in part because of the degradation of extracellular ATP by
ecto-ATPase under recording circumstances, since the non-hydrolyzableATP analogue, ATP-γS, could trigger similar response at 100 μM. In addi-
tion, the afﬁnity of the P2X7 receptors to ATP is known to be quite low
with EC50 values varying between 10−4 and 10−3 M depending on the
animal species [37]. These characteristics may match the need of this
receptor for pathophysiological response in microglial cells.
Fig. 9. Relative mRNA expression levels related to SOC-mediated TNF-α release (TNF-α, Stim1, and Orai1) and cell surface structural modulations (MARCO) were quantiﬁed as a
function of housekeeping gene (GAPDH) expression using real-time RT-PCR in isolated microglial cells (A) and MG5 cells (B). These cells were stimulated by 1 mM ATP for
60 min (+ATP). Transcriptional levels of TNF-α and MARCO signiﬁcantly increased after ATP stimulation in both cells whereas levels of Stim1 and Orai1 were relatively stable.
*P b .05, **P b .01 compared with the ATP-untreated control by two-tailed Student's t-test.
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used to report intracellular Ca2+ dynamics underlying the microglial
responses [3,11–13], the use of fura-2 is technically limited because
fura2 imaging is not generally applicable for long-term imaging exper-
iments and loading the cell with fura-2AM for long periods of time
substantially inﬂuences ATP-induced TNF-α release. Therefore, we
examined the transfection of YC3.6 in MG5 cells using several different
strategies. With the NGR-containing adenovirus vector, Ca2+ sensor
(YC3.6 or rPericam) genes were transfected into more than half of the
cells with no effect on ATP-induced TNF-α release from MG5 cells.
Also, the more convenient transfection of YC3.6 using a gene-gun
allowed us to successfully visualize the long-term Ca2+ dynamics in
these cells. Intrinsic and/or ATP-induced Ca2+ spiking activitywas occa-
sionally detectable with fura-2 imaging in MG5 cells (data not shown)
and has been observed in in vivo microglial cells expressing GCaMP2
as a Ca2+ sensor [40]. To our knowledge, however, none of the former
studies have speciﬁcally focused on this event in microglial cells.
YC3.6 imaging clearly demonstrated the presence of intrinsic Ca2+ spik-
ing activity and ampliﬁcation of Ca2+ spikes in cell processes during
long-term ATP treatment. Because the Ca2+ spiking activity was signif-
icantly reduced by SKF96365 and Orai1 siRNA, it appears that the Ca2+
spiking activity was caused by an oscillatory inﬂux of Ca2+ via SOCs. In-
terestingly, the Ca2+ spikes were small and less frequent immediately
after ATP treatment, when thapsigargin-sensitive internal Ca2+ storesFig. 10. Schematic diagram explaining the cellular signaling processes underlying ATP-in
(~30 min), metabotropic (P2Y families) and ionotropic (P2X7) purinergic receptors are act
receptors may inhibit ORAI1 channels as pharmacological blockage of P2X7 by A438079
(30 min to 3 h), purinergic receptors are inactivated or desensitized and internal Ca2+ sto
and ORAI1 are oligomerized and Ca2+ permeable ORAI1 channels are activated. Eventuallywere already reduced. This may not be explained by transcriptional
levels of Stim1/Orai1 in MG5 cells at this time, because larger and
more frequent Ca2+ spikeswere visualized immediately after ATP stim-
ulation with pharmacological blockade of P2X7 receptors. Since it has
shown that P2X receptor-mediated Na+ inﬂux andmembrane depolar-
ization inhibit SOC-mediated Ca2+ entry in cultured human microglia
[12], such functional control of SOCs via purinergic receptors may be
present in MG5 cells (Fig. 10). Conversely, knockdown of the P2X7 re-
ceptor by siRNA neither elevated spontaneous Ca2+ spiking activities
nor increased Ca2+ spike generations after ATP stimulations (Fig. 3E).
Thus, the present study indicates constitutive (e.g., direct physical) in-
teraction between P2X7 receptors and SOCs. However, the mechanism
needs to be elucidated in future studies.
It has been a matter of controversy whether P2Y or P2X receptors
are critical for purinergic activation of microglia because P2Y12 and
P2Y6 receptors expressed on microglia are reported to be critical for
movement and phagocytosis [5,41], whereas RNA silencing or pharma-
cological blockage of P2X7 receptors is reported to signiﬁcantly reduce
microglial phagocytosis [42]. Although suramin/PPADS failed to modu-
late TNF-α release and ATP-induced Ca2+mobilization, these results do
not rule out the possibility that suramin/PPADS-insensitive P2Y recep-
tor signaling, such as P2Y12 receptors, is involved. Early phase (from a
few minutes to 40 min) activation of microglia visualized as an index
of cell process extension toward a point source of ATP is signiﬁcantlyduced TNF-α release in microglial cells. A. During the early stage of ATP stimulation
ivated and produce a biphasic increase in cytosolic Ca2+ levels. Activation of the P2X7
triggers SKF96365-sensitive Ca2+ spikes. B. During the late stage of ATP stimulation
res in the endoplasmic reticulum (ER) are reduced. Under these circumstances, STIM1
, Ca2+ spikes, which are essential for TNF-α release, are generated.
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of P2Y-mediated signaling may be present in the microglial immune
response.
Regarding the activation of SOC-mediated Ca2+ spiking activities
and TNF-α release, it has been hypothesized that depletion of internal
Ca2+ stores via P2Y receptors activates SOCs (i.e., STIM/ORAI oligomer-
ization) in human embryonic microglia [12]. The results of the present
study demonstrated an immediate reduction in the magnitude of
thapsigargin-induced Ca2+ mobilization after ATP stimulation. Togeth-
er with the results showing activation of SOCs by A438079 immediately
after ATP stimulation, we suggest that such SOC activation occurred in
MG5 cells even though the Ca2+ stores were not completely depleted
duringATP stimulation. It is important to note that the constitutively ac-
tivated SOCs in the early phase of ATP treatmentwere inhibited by P2X7
receptor-mediated signaling and thus the effect on TNF-α release was
masked immediately after ATP treatment. Thus, we propose that the
duration of P2X7 receptor-mediated cationic inﬂux [12] may function
as an “internal timer” to determine the lag time for the release of
TNF-α during ATP stimulation in microglial cells. Positive and negative
regulation of SOCs via P2Y and P2X receptors may be required because
TNF-α release frommicroglial cells is a critical trigger for cell death and
removal.
In addition to the involvement of purinergic control of SOCs activity,
the present study examined the microstructure of the cell processes
where the Ca2+ spikeswere generated. Using CellMask™ plasmamem-
brane staining and confocal microscopy, dendritic microvillus struc-
tures were visualized and quantiﬁed in living MG5 cells and primary
cultures of microglia. Presence of a similar dendritic projection has
been reported in macrophages or model cell lines expressing MARCO
[22–25]. Although several researches implicate functional expression
of MARCO in microglial cells [44–46], the present result may be the
ﬁrst demonstration of this type of dendritic projections in living
microglial cells to our knowledge. The results showing signiﬁcant den-
drite extension in response to ATP stimulation indicated dynamic cell
surface re-structuring occurring at the cell processes. Although the
present study does not conclude this as a cause or result of SOC activa-
tion, the results suggest that dendrite extension is associated not only
with scavenging functions but also with the SOC activation process, be-
cause SOC activation has been reported to be involved in structural
changes and physical interactions of STIM/ORAI subunits [18–20].
The present results show the involvement of SOCs in ATP-induced
TNF-α release and macrophage-like dendritic microvillus structures
in microglial cells. Together with a report showing that the develop-
mental origin of microglia is in part from monocyte-derived precur-
sors [47], we suggest that the SOC-mediated immune response may
be based on common machineries in microglia and macrophages.
On the other hand, the function of SOCs in microglia may be more di-
verse and specialized for brain maintenance, because Mizoguchi et al.
demonstrated that brain-derived neurotrophic factor-induced Ca2+
elevation is also reduced by SKF96365 in MG6-3 murine microglial
cell lines or rat primary microglial cultures [48].
5. Conclusion
In conclusion, the present study examined long-termCa2+ imaging in
a microglial cell line and demonstrated that Ca2+ spiking activity caused
by the activation of SOCs in cell processes, which followed sequential
purinergic receptor activation and inactivation, mediated ATP-induced
TNF-α release. The similarity of SOC-mediated control of immune re-
sponses betweenmicroglia andmacrophages shed light on the role ofmi-
croglia in the defense mechanism of the brain.
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